Triaminoguanidinium chloride was transformed into 1,2,3-tris(benzylamino)guanidinium chloride (3-Cl) in two steps. Anion exchange allowed the preparation of further salts 3-X. The crystal and molecular structures of 3-Cl, 3-I, 3-CF 3 COO and 3-CF 3 SO 3 were determined. It was found that both the conformation of the cation and the nature of the anion determines the packing in the solid state. Interestingly, three different conformations of the cation were observed in the crystals.
Introduction
Triaminoguanidinium chloride (1) is readily prepared by the reaction of guanidinium chloride [1, 2] , aminoguanidinium hydrogencarbonate [3] , cyanogen chloride [4] or dicyanamide [1] with hydrazine hydrate. Although salt 1 was first described as early as 1904 by R. Stollé [5] , the chemistry of this and other interesting multifunctional triaminoguanidinium salts began to be developed only sixty years later. Deprotonation of 1 with liquid NH 3 gave triaminoguanidine [6] . Trisarylidene-and trisalkylideneaminoguanidinium salts were obtained by reaction with aldehydes and ketones [5, 7] . Cyclization occurred upon heating of salt 1 with carboxylic acids and yielded 4-amino-3-hydrazino-1,2,4-triazoles [3, 8] ; however, an analogous transformation could not be achieved with triethyl orthoacetate [3] . The reaction with pentane-2,4-dione followed by oxidation leads to a 3,6-bis(pyrazol-1-yl)-1,2,4,5-tetrazine [9] ; this compound as well as other tetrazines derived therefrom have recently found some attention due to their fluorescence properties [10] . Cyclocondensation with 1,1,1-trifluoro-2,4-pentanedione follows a somewhat different pathway [11] . The reactions of triaminoguanidinium chloride or nitrate with cyanogen bromide [12] , CS 2 /NaOH [12] , and isothiocyanates [13] afford differently substituted 1,2,4-triazole derivatives.
The nitrogen-rich parent triaminoguanidinium ion currently meets increased attention as a constituent of energetic salts [14] . Klapötke and coworkers went a step further when they converted salt 1 by diazotization into azido derivatives which then were cyclized to give energetic and highly sensitive azidotetrazoles [15] .
The multiple coordination sites of 1,2,3-tris(hydroxybenzylidene)guanidine [16] and 1,2,3-tris(α-hydroxyiminoalkyl)guanidine [17] ligands prepared from 1 have recently been used for the construction of novel metal complexes, some of which display impressive supramolecular architectures.
As a consequence of our studies on hexaalkylguanidinium salts as ionic liquids [18] , we became interested in the triaminoguanidinium ion as a starting material and molecular platform for novel ionic liquids. In the course of our synthetic efforts, we also prepared 1,2,3-tris(benzylamino)guanidinium salts and wondered whether the molecular C 3 topology of the c 2012 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com cation would also appear in the solid state of these salts. The results of these studies are reported herein.
Results and Discussion

Syntheses
Triaminoguanidinium chloride (1) was transformed quantitatively into 1,2,3-tris(benzyliminyl)guanidinium chloride (2) by the reaction with benzaldehyde in hot aqueous ethanol (Scheme 1). Catalytic hydrogenation of 2 in dry methanol afforded in good yield (78 %) 1,2,3-tris(benzylamino)guanidinium chloride (3-Cl), which was well soluble in DMSO and chloroform at room temperature and in hot acetonitrile.
Other salts of 3 were obtained by anion exchange reactions of 3-Cl (Scheme 1). Thus, anion metathesis reactions with silver trifluoroacetate, triflate or tetrafluoroborate gave salts 3-TFA, 3-OTf and 3-BF 4 , respectively. The iodide salt 3-I, on the other hand, was first obtained unintentionally, when 3-Cl was treated with methyl iodide and triethylamine in boiling acetonitrile. Instead of the expected N-methylation of 3-Cl, nucleophilic substitution of CH 3 I by Cl − took place, and salt 3-I was isolated after workup. This reaction course, on the other hand, does not require the presence of a base, and in fact, the anion exchange also worked well in the absence of triethylamine. 1 H and 13 C NMR spectra of the 1,2,3-tris(benzylamino)guanidinium salts 3 confirm the C 3 molecular topology of the cation. The melting points of salts 3-Cl, 3-I, 3-TFA, and 3-BF 4 are well above 100 • C. Only 3-OTf has a melting point (109 • C), which comes close to the generally accepted definition range for an ionic liquid (i. e., melting points below about 100 • C). Significantly lower melting points should result when the NH groups are replaced by N-alkyl groups, and when the cation is made unsymmetrical. Synthetic work along these guidelines is underway.
The thermal behavior of salt 2 deserves a note. When Stollé first reported the derivatization of 1 to give 2 [5] , he mentioned that crystallization of 2 from ethanol gave shiny needles which quickly deteriorated with elimination of HCl and had no sharp melting point. Being aware of this report, we had a closer look at the thermal behavior of 2. A TGA measurement showed mass losses of 7.1 % at 85 • C. A DSC measurement (heating rate 10 • C/min) in the first heating cycle showed several broad endothermic peaks in this temperature range, which we attribute to the release of residual amounts of ethanol entrapped during crystallization. At 155 • C the DSC measurement showed a single broad peak. Upon heating a sample of 2 at this temperature for several hours, a gas was formed which was chemically identified as HCl. However, the rate of HCl elimation was very small at 160 • C, in agreement with the observation of only a minor mass loss in the TGA at this temperature. Thus, we cannot confirm Stollé's observation and conclude that conversion of salt 2 into the neutral guanidine by thermal elimination of HCl is not a practical method.
Solid-state structures
The solid-state structures of salts 3-Cl, 3-I, 3-TFA, and 3-OTf were determined by single-crystal Xray diffraction analysis. Molecule plots are shown in Figs. 1 -4 . Selected structural data are given in Table 1. Bond lengths and bond angles in the guanidinium cation are the same in all cases, and the values reflect the complete bond and charge delocalization of the planar CN 3 core. Moreover, all bonding parameters agree well with those of the parent triaminoguanidinium chloride (1) [19] .
Salt 3-Cl crystallizes in the triclinic space group P1 and contains two cations with different conformation, together with two water and two acetonitrile molecules in the asymmetric unit (Figs. 1a and 1b) . Conformation A of the cation is an unsymmetrical one, while conformation B is symmetrical with an approximate non-crystallographic C 3 symmetry. The cations of salts 3-I (Fig. 2a ) and 3-TFA (Fig. 3a) were found to exist in the same unsymmetrical conformation as in 3-Cl (conformation A). The unsymmetrical conformation A may be described as exo,endo,endo and the symmetrical conformation B of 3-Cl as endo,endo,endo with respect to the orientation of the phenyl rings. Salt 3-OTf exhibits two unsymmetrical conformations of the cation in the solid state, an exo,endo,endo (A) and an exo,exo,endo (B) conformation (Figs. 4a and 4b). The dihedral angles (Table 1) benzyl groups are accomodated in the direction of the b axis. With the inclusion of cations related by inversion symmetry, the crystal structure consists of an infinite hydrophobic layer, which contains the benzyl groups and has a polar surface on both sides. The space between this polar surface and the adjacent centrosymmetrically related one is filled with chloride ions as well as water and acetonitrile molecules. The repeat distance between the polar layers corresponds to the length of the b axis, i. e. 16.221Å. A net of hydrogen bonds connects the cations, the anions, and the solvent molecules (Table 2) . For example, cations of conformation A and B are connected by C + N-H· · ·O-H· · ·Cl· · ·H-NC + hydrogen bonds, and the involved chloride ion simultaneously connects the conformation A cation with a centrosymmetrically related one by Cl· · ·H-O· · ·H-NC + hydrogen bonds. Compound 3-I has a similar layer structure in the solid state as described for 3-Cl, but with a different arrangement and packing of the benzyl rings, which is likely a consequence of the presence of only one conformation of cations (exo,endo,endo). The gap between two layers having the polar triaminoguanidinium units at their surfaces is filled with iodide ions which are piled up parallel to the b axis (Figs. 2c and 2d); in contrast to 3-Cl, no solvent molecules are present in this area. The repeat distance between the polar layers is 12.006Å. Each cation maintains short N-H· · ·I contacts to three iodide ions, which in turn connect three cations ( Fig. 2b and Table 3 ). Of the six N-H bonds in a cation, one C + N-H bond and two C + NN-H bonds are engaged in hydrogen bonds with I − . Two types of centrosymmetric dimers made up from two cations and two iodide ions can be recognized; hydrogen bonds connect them to form 14-and 16-membered rings (graph sets [20] R 2 4 (14) and R 2 4 (16)), which share a I· · ·H-N-NH-C + bond sequence.
The crystal structure of 3-TFA is also composed of polar and unpolar layers as described for 3-Cl, with a distance of 10.253Å between the polar layers (Fig. 3c) . Two inversion-related rows of cations, which are aligned along the a axis, face each other at their polar CN 6 units and are connected by trifluoroacetate ions through N-H· · ·O hydrogen bonds (Fig. 3b and Table 3) . A cation provides four hydrogen bond donor centers (two C + N-H, two C + NN-H), and the trifluoroacetate anion accepts two hydrogen bonds at each oxygen atom, thereby connecting three cations with each other. The carboxylate group of the anion coordinates with a NH-NH unit of the cation to form a seven-membered ring motif (graph set R 2 2 (7)); in addition, one oxygen atom connects with C + N-H of a centrosymmetrically related cation, and the other oxygen atom connects with C + NN-H of the adjacent cation, thus becoming part of a centrosymmetric 14-membered ring motif (R 2 4 (14)). In the crystal structure of 3-OTf, conformation A and B cations are involved in separate centrosymmetric dimers made up from two cations and two triflate anions and held together by N-H· · ·O hydrogen bonds (Fig. 4c) . Conformation A cations provide four N-H donors (two C + N-H and two C + NHN-H), and all three oxygen atoms of the associated triflate are involved in hydrogen bonding. A C + -NH-NH unit of the cation coordinates via H bonds with a O-S-O unit of the anion, thus forming a R 2 2 (7) motif, and one of these oxygen atoms additionally connects to C + N-H of a centrosymmetrically related cation. Insofar, the coordination motif in the centrosymmetric dimer is the same as for 3-TFA. Coordination to a third cation by 
an O· · ·H-NNHC + bond is mediated, however, by the third sulfonate oxygen, while in 3-TFA this role is played by the second carboxylate oxygen atom which maintains two O· · ·H-N bonds. The hydrogen bonding pattern in the centrosymmetric dimer containing (16)), and the third sulfonate oxygen atom is associated with C + NHN-H of a third cation. Table 3 also lists the two shortest N-H· · ·F contacts (2.41, 2.50Å), indicating that the fluorine atoms of the triflate anions have no intermolecular contacts shorter than the sum of van der Waals radii.
The molecular packing in the crystal of 3-OTf (Fig. 4d) can be described by two arrangements. Firstly, the layered structure described for the other salts can be recognized again. In the projection shown, the layers are oriented diagonally (repeat distance 11.700Å), the polar layer is bisected by the (111) plane, and a sequence of alternating centrosymmetric dimers (as described above) with conformation A and B cations is seen. In contrast to the packing in 3-Cl, only the CN 3 plane of the cation with conformation A is almost parallel to the (111) plane, while the planar CN 3 core of the more extended conformation B cation is significantly tilted against this plane. Secondly, the two types of centrosymmetric dimers are found in separate layers parallel to the b axis, and they are not connected by hydrogen bonds. 
Conclusion
1,2,3-Tris(benzylamino)guanidinium chloride (3-Cl) can be prepared readily from triaminoguanidinium chloride and benzaldehyde by reductive benzylation of the three NH 2 groups. Other salts 3-X are easily obtained by anion exchange reactions. The cation of 3-X salts has a time-averaged threefold symmetry in solution according to the 1 H and 13 C NMR spectra, but several conformations are present in the solid state of the four salts (X = Cl, I, O 2 CCF 3 , OTf) investigated. While the three benzyl groups are positioned on the same face of the almost planar C(NN) 3 core of the cation, rotation around the (N)N-C(Ph) single bond gives rise to conformations with different orientations of the phenyl rings. The conformations found were as follows: exo,endo,endo as well as endo,endo,endo in 3-Cl, exo,endo,endo in 3-I and 3-O 2 CCF 3 , exo,endo,endo as well as exo,exo,endo in 3-OTf. The variation of the anion has an impact not only on the conformation(s) of the cation, but also on the crystal structure, depending not only on the size and shape of the anion but also on the geometry of the hydrogen bonding pattern connecting cations and anions. Of particular interest in terms of crystal engineering might be the crystal structures of 3-Cl and 3-I which are made up from stacked bilayers containing unpolar benzyl rings in the interior and the polar guanidinium cores at both faces, with the guanidinium groups embracing infinite channels which are filled with the anions and eventually solvent molecules.
Experimental Section
General information NMR spectra were recorded using a Bruker DRX 400 spectrometer ( 1 H: 400.13 MHz, 13 
N,N ,N -Tris(benzylamino)guanidinium chloride (3-Cl)
Salt 2 (5.00 g, 12.2 mmol) was dissolved in methanol (180 mL), Pd/C (10 %) (259 mg, 243 µmol) was added, and the mixture was kept stirring for 14 h under an atmosphere of hydrogen. The catalyst was removed by filtration through a glass frit (pore size 10 -16 µm) and the solvent was distilled off, last traces being removed at 0.05 mbar. Recrystallization from acetonitrile (40 mL) yielded salt 3-Cl as colorless fine needles (3.91 g, 9. In a reaction flask protected from light with aluminum foil, salt 3-Cl (205 mg, 0.5 mmol) was dissolved in dichloromethane (10 mL), and solid silver(I) tetrafluoroborate (97 mg, 0.5 mmol) was added. The mixture was kept stirring for 20 h, and the precipitate was removed by filtration. The filtered solution was evaporated to dryness, last traces of solvent being removed at 0.05 mbar. Salt 3-BF 4 
X-Ray structure determinations
Crystallization of 3-Cl by the diffusion method using acetonitrile/pentane gave clear prismatic crystals of 3-Cl × H 2 O × CH 3 CN, which after isolation became turbid within minutes due to the loss of solvate molecules and had to be handled accordingly for the data collection. Suitable crystals of 3-I and 3-OTf were grown from acetonitrile and ethanol, respectively, by slow evaporation of the solvent, those of 3-TFA by the diffusion method using acetone/pentane. Low-temperature data collection was carried out on an XcaliburS diffractometer (Oxford Diffraction). The structures were solved by Direct Methods and refined on F 2 values using a full-matrix least-squares method. For salt 3-Cl, hydrogen atom positions at the "inner" nitrogen atoms of the cation were calculated geometrically (d(N-H) = 0.90Å) and treated by the riding model in the refinement procedure; all other hydrogen atom positions were located in a difference electron density map and refined freely. For the other salts, the NH hydrogen atom positions were taken from a ∆F map and included in the refinement with the DFIX keyword (d(N-H) target values taken from the interpretation of the ∆F map), all other hydrogen atom positions were calculated geometrically and treated as riding on their bond neighbors in the refinement procedure. In the crystal structure of 3-Cl, one acetonitrile molecule is disordered and the hydrogen atom positions were not localized; the major position could be refined reasonably, while a second molecule, disordered mainly by rotation (in-plane and probably out-of-plane) around an axis perpendicular to the axis of the first molecule, was included in the refinement, too, but gave no reasonable bond geometries. In the crystal structure of 3-TFA, the CF 3 group is rotationally disordered. Two sets of positions for the F atoms could be refined. In the crystal structure of 3-OTf, which contains two cation/anion pairs in the asymmetric unit, one CF 3 SO 3 anion is disordered over two positions with refined occupancy factors of 0.81 and 0.19. Despite the introduction of restraints, the positions of the minor component could not be refined satisfactorily for all atoms.
Software for structure solution and refinement: SHELXL-97 [21] ; molecule plots: ORTEP-3 [22] and MERCURY [23] . Further details are provided in Table 4. CCDC 874410-874413 contain the supplementary crystallographic data for this paper. These data can be obtained free of charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data request/cif.
